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Geophysical exploration with audiofrequency natural magnetic fields

V. F. Labson*, A. Beckerf, H. F. Morrison}, and U. Conti}

ABSTRACT

Experience with the AFMAG method has demon-
strated that an electromagnetic exploration system
using the Earth’s natural audiofrequency magnetic fields
as an energy source is capable of mapping subsurface
electrical structure in the upper kilometer of the Earth’s
crust. We resolved the limitations of this method by
adapting the tensor analysis and remote reference noise
bias removal techniques from the geomagnetic induc-
tion and magnetotelluric methods to computation of the
tippers.

After a thorough spectral study of the natural mag-
netic fields, we designed lightweight magnetic field sen-
sors capable of measuring the magnetic field throughout
the year. We also built a digital acquisition and pro-
cessing system with the ability to provide audiofre-
quency tipper results in the field.

This new instrumentation was used in a study of the
Mariposa, California site previously mapped with
AFMAG. This study once again demonstrates the use-
fulness of natural magnetic field data in mapping an
electrically conductive body. Reoccupation of one of the
sites in several different seasons proves the high level of
repeatability of these data. As well as being repeatable,
the tensor data provide additional information on the
geometry of the conductive body. Different electrical
conductivity features can be distinguished using a broad
band of frequencies.

INTRODUCTION

The Audio Frequency MAGnetic (AFMAG) technique
(Ward, 1959) was proposed as an efficient method for mapping
the subsurface electrical conductivity structure; however,
AFMAG suffers from several severe limitations (Ward et al.,
1966) which have prevented its widespread application.

AFMAG’s limitations may be removed by use of signal
processing and data aquisition techniques developed for two
closely related geophysical methods. The source fields for both
AFMAG and our revision are natural electromagnetic (EM)

fields in the 1 Hz to 20 kHz band associated with lightning
discharges in the Earth-ionosphere cavity. At some distance
from the source, these fields propagate as plane waves with a
vertical electric field E, and a horizontal transverse magnetic
field H that is perpendicular to the direction of propagation.
Because of finite ground conductivity, the propagating wave is
tilted slightly in the direction of propagation to accommodate a
horizontal electric field E, at the Earth-air interface. In most
areas the Earth is sufficiently conductive that its surface im-
pedance E,/H is the same as that for a plane wave normally
incident to the surface. In areas where the ground is homoge-
neous, this description of the propagating EM field is complete.
The presence of lateral conductivity variations gives rise to a
vertical magnetic field component related to the distortion in
the subsurface current pattern. In the simplest case, where the
incident wave propagates along the strike direction of a two-
dimensional (2-D) inhomogeneity, the normally horizontal
transverse magnetic field vector in the vicinity of the anoma-
lous feature may be sharply rotated toward vertical.

Generation of vertical magnetic fields by subsurface inhomo-
geneities is not limited to the audiofrequency band. The same
phenomenon occurs with inducing fields originating in the
ionosphere and magnetosphere. The spectrum for these fields
extends from below 107* up to | Hz. Studies of the vertical
magnetic field at the low frequencies as a means of investigating
conductive anomalies in the deep crust and upper mantle are
called the geomagnetic induction method. The history and
development of this geophysical technique were excellently
summarized by Schmucker (1970). The vertical field has also
been included in the studies of the surface tensor impedance
(magnetotellurics, MT). In magnetotellurics a coefficient called
the tipper relates the vertical to the horizontal magnetic fields.
A good review of the use of the tipper in geologic studies was
presented in Vozoff (1972). Our studies of tipper profile data
show that in a number of geologically simple cases they can be
uniquely interpreted in terms of the subsurface electrical struc-
ture.

Weak fields and inadequate equipment have prevented wide-
spread application of tensor magnetotellurics in the audiofre-
quency band which is appropriate for exploration and geologic
mapping in the upper kilometer of the crust. Bostick et al.
(1977) documented the development of such a system, but their
ability to make successful tipper measurements has not been
reported. Several studies of scalar audio magnetotellurics have
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appeared in the literature (Strangway et al., 1973; Hoover et al,,
1978), but these did not incorporate tipper measurements.

AFMAG, a simple method for indicating and mapping near-
surface conductive features by measuring the tilt of the mag-
netic field, was first reported by Ward (1959). This method uses
two orthogonal coils to sense the audiofrequency magnetic
fields. The coils, tuned typically to 150 and 500 Hz, are first
oriented with their axes in the horizontal plane, so one of them
lies in the direction of the principal horizontal magnetic field
component. They are then rotated into the vertical plane pass-
ing through this azimuth, and the dip of the major axis of the
polarization ellipse is determined. The polarization direction of
the horizontal magnetic field depends upon the worldwide
distribution of lightning which varies with time, and in fact has
a distinct seasonal variation. The AFMAG results also vary
with time because the induction process and the resulting verti-
cal magnetic field change as the orientation of the inducing field
is altered. In spite of this fundamental shortcoming, the
AFMAG method was used successfully in several reconnais-
sance exploration projects such as those described in Ward et
al. (1966).

An equally serious problem with AFMAG is the fact that the
signal strength is inadequate in high latitudes in the winter. The
inherent noise level of the coils and their electronics is higher
than the level of the weak signals originating in storms at the
equator and southern temperate zones. Finally, the ability of
AFMAG to distinguish between near-surface and deep features
was severely limited because only two frequencies were used for
interpretation.

Because of the great potential for a geophysical method
based on a broadband quantitative analysis of the natural
audiofrequency electromagnetic spectrum, we decided to revise
the AFMAG method: We incorporated- a- more- rigorous ap-
proach to the measurement and analysis of the fields using
some of the techniques developed for geomagnetic induction
and magnetotellurics, and we investigated new sensors that are
effective in low signal conditions.

FIELD THEORY

In geomagnetic induction and magnetotellurics the vertical
magnetic field is related to the horizontal magnetic field
through a transfer tensor, the tipper T defined (Vozoff, 1972) by

H_ (0) = T.(0)H (@) + T,(0)H, (o). (1)

The tipper is complex and a function of frequency. While T,
and T, are dependent upon the measurement coordinate
system, T’s magnitude and direction are rotationally invariant
functions of subsurface electrical conductivity distribution and
do not depend upon the polarization of the inducing field. In
AFMAG a quantity proportional to some T, was used where
the x-direction was taken along the average principal direction
of the horizontal magnetic field. Since this direction changed
with time, the scalar T, for a 2-D case could vary from zero to
the maximum determined by the tensor form given above.

In equation (1), H,(w), H, (w), and H, (®) are the Fourier
transforms of the time-varying magnetic field. If this equation
were first multiplied through by the complex conjugate of
H, (o} and then again by the complex conjugate of H (o) and if
the results were averaged over many data sets, we would obtain
the following two simultaneous equations:

(H_HY) = T.<H H¥) + T,{H,HY), #)]
and
(H H¥» = T.<H.H}> + T,(H,H}). (3

Time averages are denoted by ¢ > and the dependence on @ is
omitted from the notation. These two equations in the auto-
and cross-powers of the magnetic field components can be
solved for the tipper components T, and T,

 CH HECH HEY — CHHECH HE

T, = , (4)
{H,H¥>{H,H}> — {H,H:>{H . H})
and
T (H H}){H HY) - {H,H{){H H}) )

YUCH H¥Y(H HYY — CH HXY(H HYY'

Using H, and H, to obtain cquations (4) and (5) has been
traditional in magnetotellurics, but for the estimates of 7, and
T, to be unbiased, H, and H, must be noise free. If noise (for
example, noise in the sensor) is present, then the auto-power
terms will contain a noise component that will add to the signal
power no matter how much averaging is used.

This problem may be solved if only cross-spectral estimates
are used (Anav et al., 1976; Bendat and Piersol, 1971). Suppose
that another field R, coherent with H, and H, is measured; it is
assumed that the noise accompanying this field is independent
of the noise in H, and H,. The expected value of (H,R}),
E{H_R¥) can be expanded and written as

ECH RY) = E{(H, + n)(RY + 1)), (6)

where n, and n, are the noises present in H_ and R_, respec-
tively. Since E(H n*>, E(R¥n,>, and E{n_n¥) are all zero, the
expected vaiue of (H,R*> is unbiased. Using R} and R},
equations (4) and (5) become
o _ SH RECH,RYS — (H,R})C(H, RY)
7 CH RICH,RY — CHRECHRY)

-
3
~——

and
_ (H,RPCH R — (H.RPH, RY)
Y CH R*Y(H,R¥) — CH,R¥>{H, R}’

@®)

T, and T, determined in this fashion are free of noise bias
(Gambile et al,, 1979a). In practice the reference fields may be
obtained from separate measurements of the magnetic fields
from sensors some distance away, or from measurements of the
associated electric fields. This method of eliminating the auto-
spectral noise can be used to obtain unbiased tipper estimates
at virtually any signal level, given sufficient averaging time. It
can also be used to obtain accurate measurements of the natu-
ral field spectrum and the noise spectra of the sensors.

NATURAL MAGNETIC FIELD SPECTRUM

Successful implementation of the referenced tipper method
required that the major advantages of AFMAG—speed of
operation and portability—be retained. To accomplish this, we
had to design new lightweight magnetic field sensors; we under-
took to study the natural magnetic field spectrum to determine
the signal level which these sensors would be required to detect.
Previous spectral studies of Hoover et al. (1978), Maxwell and
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F1G. 3. Sonogram of natural field spectrum at San Antonio
Valley, California, August 27-28, 1979 ; contours in py/\/ Hz.

Stone (1963), and Telford (1977) showed the extreme variability
of spectral signal levels. This new study was designed to verify
the previous results and to demonstrate the effectiveness of the
cross-spectral technique for determining the spectra of audio-
frequency magnetic fields.

Spectra determinations were made initially using sets of in-
duction coil sensors loaned to the University of California by
Kennecott Copper Corp. and the U.S. Geological Survey

(U.S.G.S)). Both sensors have a response proportional to the
time derivative of the magnetic field. The U.S.G.S. two-
component sensor is composed of a square Ceramic
Magnetics’ MN-60 ferrite frame 0.36 m on a side with a rec-
tangular cross-section of 3.8 x 1072 m by 1.8 x 10~? m. Each
leg is wound in two layers with 186 turns of no. 14 copper wire.
Parallel legs are connected in series and coupled to a low-noise
amplifier by an 80: 1 iron-cored transformer (Figure 1). The
cross talk between the two orthogonal components of this
sensor is less than —40 dB. The coil-transformer has a sensitivi-
ty of 2.3 x 1073 V/(nT Hz) and a self-resonant frequency of 1.3
kHz. The packaged sensor is enclosed in a metallic foil elec-
trostatic shield and weighs 13.4 kg. This coil has been in field
use making scalar audiomagnetotelluric measurements for sev-
eral years (Hoover et al., 1978). Although no technical details
were available for the Kennecott coils, their sensitivity was
found to be 8.3 x 107 ¢ V/(nT Hz).

The spectral measurements were made at San Antonio
Valley, California, approximately 48 km southeast of Liver-
more, California. This site was selected for its low cultural noise
level and its convenience. The 60 Hz power line noise and the
associated harmonics from a power line approximately 4 km
away are the major noise constituents at this site. The 60 Hz
noise is of the order of 1072 nT, .

To obtain the required spectra, the outputs from a pair of
sensors were first amplified and filtered and then digitally pro-
cessed by a Hewlett-Packard 3582A spectrum analyzer. The
spectra (computed by a 512 point fast Fourier transform) were
directly transferred to an on-line Hewlett-Packard 9825S com-
puter that corrected the spectra to magnetic field units. All
spectral measurements were made over a broad band of fre-
quencies using an averaging time of 2 minutes. The results were
displayed in the field using a digital plotter linked to the com-
puter. A motor-generator set provided 120 Vac power, but it
created some additional noise.

Figure 2 shows a typical spectrum recorded in the early
afternoon in the summer season. The dominant features are the
Schumann resonances at 8, 14, and 20 Hz: the 60 Hz powerline
and motor generator noise with its harmonics; and the VLF
radio stations from 17 to 25 kHz. The spectrum shows a
distinct minimum between 1 and 2 kHz. Here the spectral
amplitudes shown are approximate, since we could not deter-
mine these field levels to the same degree of accuracy as the rest
of the spectrum.

Over a 24 hour period the field levels peak in the early
afternoon and decrease into the very early morning hours
(Figure 3). A yearly variation is also seen with the peak level in
mid to late summer and a minimum in the winter (Figure 4).

COIL DEVELOPMENT

Design principles

Based on the spectral studies, a lightweight mu-metal cored
sensor was designed and built at the University of California,
on a design resembling that described by MaclIntyre (1980) for
an air-core coil. In order to obtain a constant sensitivity over a

'Any use of trade names is for descriptive purposes only and does not
imply endorsement by the U.S. Geological Survey.
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large band of frequencies and close correspondence in ampli-
tude and phase characteristics between different sensors, we
detect the current in the induction coil by using a current-to-
voltage amplifier (Figure 5).

The coil is composed of 45 000 turns of no. 31 copper wire
with a resistance of 2 000 Q@ wound on a 0.6 m long by 0.016 m
diameter laminated mu-metal core. The coil has an inductance
of 500 H and is enclosed in a metallic foil electrostatic shield. A
small capacitor is wired in parallel to the innermost 6 000 turns
to reduce secondary resonances. The coil-amplifier combi-
nation is 0.62 m long and 0.06 m in diameter and weighs 2.5 kg.
The resulting sensor has a sensitivity of 0.05 V/nT in the
audiofrequency range. At frequencies below 0.2 Hz, the sensor
has a response proportional to frequency. This coil is quite
stable even in the presence of large magnetic field impulses.
Different coils of this design match in amplitude and phase
sensitivity to within 1 percent. This coil was also quite adequate
for making the cross-spectral measurements. The sensitivity
function for the UC detector is compared to that of the
U.S.G.S. coil with amplifier in Figure 6. There is no need for a
phase correction below 500 Hz. This is a considerable advan-
tage for the relatively slow field computer.

Noise measurements

Coil noise spectra were determined in three ways: (1) in-field
cross-spectral technique, (2) in a mu-metal shield, and (3) nu-
merical simulation on the computer. The three methods yielded
similar results.

The in-field cross-spectral technique determines the coil
noise by comparison of the noise-free cross-spectral estimate of

equation (6)-and- the-sum- of signal and noise represented by the-

auto-spectral estimate, assuming that the natural field is uni-
form over the 3 m coil separation and that the coil noises are
independent. Thus,

(HHY) — (R HT) = {nyn). ©

Tests using the mu-metal shield at the U.S. Geological Survey’s
Denver laboratory provided an independent measurement of
the coil noise. The level of coherence at frequencies above 1 Hz
between a coil placed in the shield and one outside a short
distance away was measurable only at 20 Hz and 60 Hz and its
harmonics.

In the absence of an external field the output of a coil is the
internal noise of that coil. In a highly shielded environment
such as that in the mu-metal shield, the output must be greater
than or equal to the internal noise. This measurement gives a
baseline for comparison with the noise determined from the
cross-spectral technique, provided that the noise is not field-
strength dependent. The agreement with the cross-spectral
noise measurements made at various field levels indicates that
the noise is not field-strength dependent.

The coil's noise was also computed numerically using
SPICE, a general purpose circuit simulation program devel-
oped by the Dept. of Electrical Engineering and Computer
Science at the University of California (Vladimirescu et al,,
1981). The results were used in the coil design and in ver-
ification of the experimental noise determinations.

The numerical model considered both the Johnson noise of
the resistive elements and the amplifier noise. The resistive
noise power is determined by
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{n,n¥>=4kTRAY, (10)
where

k = Boltzmann’s constant,
T = temperature (degrees K),
R = resistance (Q),
A f = observation bandwidth (Hz) and
{n,n¥> = noise power v2.

SPICE models the operational amplifier noise (in our case
the PMI OP-07) as the sum of resistive, current, and semi-
conductor voltage noises. It then computes the noise for each
element and sums the entire circuit noise referenced to its
output.

The cross-spectral noise levels determined in the field and the
computer-modeled noise levels are in reasonably close agree-
ment, as was the laboratory noise measurement. The agreement
of these noise determinations implies that all the major noise
sources have been taken into account. Figure 7 shows both the
modeled and measured noise for the University of California
coil design.

TIPPER DATA ACQUISITION SYSTEM

The data acquisition system designed for this experiment is
capable of complete in-field processing of réferenced tipper and
magnetotelluric data in the audio- and subaudiofrequency
ranges. The system is largely constructed from commercially
available instrumentation in order to obtain maximum flexi-
bility in the acquisition of experimental data and was not
intended to fulfill the requirement of portability. It required
very little design effort and has proven extremely capable and
reliable. At the completion of this study when the equipment
requirements were more firmly defined, we were able to imple-
ment a fully portable system weighing 55 kg (Labson et al,
1984).

As shown in Figure 8, the system consists of an analog signal
conditioning segment, an analog 8 to 2 channel multiplexer, a
two-channel Nicolet 2090 digital oscilloscope, a Hewlett-
Packard 3582A Spectrum Analyzer, and a Hewlett-Packard
9835B computer. The analog portion of the system is powered
by batteries, and the digital portion by a 120 Vac, 60 Hz motor
generator. The analog instrumentation is composed of a power-
line notch filter, band-pass filters, and amplifiers. The notch
filter 1s a synchronous switched capacitor filter, phase locked to
the power line frequency. It rejects the fundamental power line
frequency and all its harmonics (Franks, 1973). Since all
channels are locked to the power-line frequency, channel-to-
channel drift is much less than in traditional notch filters. The
notch filter has a useful passband of 1 to 500 Hz. For data
acquisition outside this band, the filter is bypassed. The signal is
band-pass limited by Ithaco 4212 four-pole Butterworth filters.
High-pass filtering is used to preserve dynamic range, low-pass
filtering is used for antialiasing. The eight filtered signals are
multiplexed into the two input channels of the oscilloscope.
Both the filters and the oscilloscope have selectable gain. Pre-
amplifiers are included for very low-level signals. A frequency
synthesizer provides the clocking signal for both the multi-
plexer and the oscilloscope’s sample command. This clock is set
to the frequency required for the band of interest. The oscillo-
scope holds the digital time series in its memory. Each signal’s
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time series has a 12 bit resolution and is 512 points long. The
oscilloscope is controlled by the computer using the HPIB
(TEEE-488) interface.

The program, written in Basic and assembly languages, con-
sists of four parts: initialization, data acquisition, spectral
averaging, and computation of results. The time series are
obtained from the oscilloscope, Fourier transformed in the
spectrum analyzer, and averaged as cross-power spectra in the
computer. The cross-power spectra are then averaged again in
windows with a constant bandwidth to center frequency ratio.
Time series are typically obtained in blocks of 16. After obtain-
ing each biock, its averaged power spectrum is written to tape,
and it is then averaged with the preceding blocks. The tipper
and MT quantities and their confidence limits are computed
from the running average.

This system implements several important features. The op-
erator has the option of visually inspecting each time series
before it is Fourier transformed and included in the cross-
spectral average, thus allowing him to reject particularly noisy
or saturated time series. This selection process greatly reduces
the length of time required to achieve a given confidence inter-
val. Tape recording power spectral averages as blocks resulting
from a small number of time series allows further data editing
and correction either in the field or at a later date. The system
can be reconfigured in just a few minutes either as an MT
receiver or a frequency-domain controlled-source receiver.

FIELD EXAMPLE

A demonstration field survey designed to show the utility
and repeatability of the tipper measurement was conducted in
the Sierra Nevada foothills near Mariposa, California during
August and December, 1981, and February, 1982. The area is a
geologically complex metamorphic terrain (Best, 1963) mapped
in 1963 with AFMAG (Ward et al., 1966). The target, in plan
view, is a wedge-shaped conductive graphitic slate surrounded
by a resistive argillite (Figure 9), which produced a clear
AFMAG anomaly when mapped in 1963 with AFMAG (Ward
et al.,, 1966). An important aspect of our survey was a compari-
son of the AFMAG and tipper results.

The stations were acquired in pairs with 50 or 100 m separa-
tions. Each station consisted of three University of California
induction coil magnetometers. The horizontal coils were buried
in shallow trenches and oriented positive north and east. The
vertical coil was partially buried in a hand-augered hole. Two
orthogonal 30 m electric dipoles were placed at one of these
stations. Thus every second station was also an MT measure-
ment. Studies prior to this experiment had shown that for audio
frequencies the measurement of the reference field could be
made at from 1 to 500 m from the station with no discernible
effect on the result. In processing the Mariposa data, it was
found that identical results could be obtained from either a
magnetic or electric field reference. Because the signal-to-noise
ratio for the electric field measurements was much higher than
the signal-to-noise ratio for the magnetic field, the electric field
reference was used for all of the Mariposa tipper stations.

Thirty tipper stations were placed along the 1963 AFMAG
profile. Several additional stations were located on a short
profile perpendicular to the northern edge of the slate (Figure
9). The tipper was determined from 10 to 250 Hz at all sites with
additional higher and lower bands as necessary. The natural

field signal level was high in August and low in December and
February. A minimum average of thirty-two 512 point time
series was required for a measurement in August and a maxi-
mum of 192 in February corresponding to 0.5 and 2.5 hours,
respectively. Averaging of time series continued at each site
until the estimates of the parameters fell on a smooth curve.

Figure 10 shows the comparison of the 150 Hz, 1963
AFMAG and tipper-derived dip angles. The dip angle is the
apparent tilt angle of the tipper’s polarization ellipse at a given
azimuth. For AFMAG the dip angle is defined by

(2 cos (9)| TBI)]’ m

dip angle = farctan
pangE T [ [T,
where T, is the ratio of vertical to horizontal magnetic field
(H,/H,) in the azimuthal @ direction and ¢ is the phase of H,
relative to H,. Similarly, a dip angle can be computed from the
tipper for any azimuth by

2 cos (¢} | cos (BT, + sin (O)Tyl]’ 12)

i le = jarct
dip angle 2arcan[ 1—|cos(6)Tx+sin('B)Ty|2

where T, and T, are the ratios of vertical magnetic field to
horizontal field in the x- and y-directions as defined in equa-
tions (6) and (7), @ is the desired azimuth, and ¢ is the phase of
H, relative to [cos (0)H + sin (0)H,]. For AFMAG measure-
ments, the azimuth is selected as the direction of primary
polarization of the horizontal magnetic field. Since the 1963
AFMAG azimuths were not known, the tipper dip angle’s
azimuth was selected to be N 10°E, which is a common sum-
mertime polarization direction at this location and which pro-
vided the best fit to the AFMAG result. The resultant tipper-
derived dip angles are quite similar to the 1963 AFMAG dip
angles. The quality of this correspondence was found to be very
dependent upon the selected azimuth. Much of the scatter in
both the AFMAG and the tipper-derived dip angles can be
attributed to the great distances over which many of the points
were projected to the profile.

At any one given site, the complex T, and T, components of
the tipper tensor and a number of other useful parameters
derived from these fundamental quantities can be presented as
a function of frequency. This is done in Figure 11 for site M2.0
(Figure 9) which is located within the outcrop of the slate near
its southern boundary. The data, acquired in August 1981,
consist of sixty-four 512 point time series obtained in mid-
afternoon. The cross-spectral estimates have peen averaged
into frequency windows with a constant center {requency to
bandwidth ratio of 10. Each parameter is shown with its esti-
mated 50 percent confidence interval (Gamble et al., 1979b).
Contamination of the data by the 60 Hz power line is evident,
most notably at 60, 180, and 480 Hz.

The five tipper quantities that are presented are

(1) tipper magnitude (Figure 11a),
ITI=(T.+|T, %", (13)

is a rotationally invariant ratio of the coherent vertical
and horizontal magnetic fields.

(2) tipper dip direction (Figure 11b),
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FiG. 11. Site M2.0 tipper functions: (a) tipper magnitude, (b) dip
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. [Z[Re (T) Re (T,) + Im (T,) Im (Ty)]J
6 = Zarctan )

| T2 =T,

(14)
is the direction of the horizontal magnetic field most
highly coherent with the vertical magnetic field. This
direction is perpendicular to the commonly used tipper
strike direction. It is preferred over the strike direction

because it may be interpreted to determine the direction
to the conductor (Jupp and Vozoff, 1976).

(3) tipper phase (Figure 11¢),
¢ = arg [cos (0)T, + sin (0)T;], (15)

is the phase of the tipper in the dip direction (i.e., phase of
H_ with respect to H).

(4) tilt angle (Figure 11d),

2 Re [cos (0)T, + sin (0)T]
1 —[cos (B)T, + sin (O)T, > |’

v = larctan {

(16)

is the tilt of the magnetic field’s polarization ellipse in the
dip direction (Born and Wolf, 1980, chap. 10).

(5) ellipticity (Figure 11e),

. .} =2 1Im [cos ()T, + sin (6)T,]
€ = tan { yarcsin - S
1 + [cos (B)T, + sin (0)T, |

(17

is the ellipticity of the magnetic field’s polarization ellipse
in the dip direction. These quantities are computed in the
field with their associated confidence limits.

A possible explanation of the site M2.0 tipper is that the
tipper is responding to two electrical conductivity anomalies.
The minimum seen in the tipper at about 70 Hz marks the
separation of these anomalies. The dip direction of the low-
frequency anomaly is consistent with the southern boundary of
the slate, and the dip direction of the high-frequency anomaly is
consistent with the northern edge. This site is complicated by
numerous small faults in the vicinity, some of which seem to be
parallel to the northern edge of the slate. It is possible that the
high-frequency anomaly is due to one of these faults rather than
to the northern edge of the slate. This separation of anomalies
is an important characteristic of the use of a broad range of
frequencies. This is in contrast to the AFMAG result where
little difference could be seen in the 150 and 500 Hz measure-
ments (Ward et al., 1966). Had AFMAG been capable of mea-
suring at other frequencies, in this case 20- Hz, a different
conclusion as to its frequency sensitivity might have been
reached.

For the tipper to offer any advantage over AFMAG, the
result must be repeatable at any time of the year. Site M2.0 was
reoccupied several times in August, 1981 as well as in Decem-
ber, 1981 and February, 1982. Figure 12 shows the polarization
ellipse of the vertical-to-horizontal magnetic field in the dip
direction with values of several other tipper functions. Low-
frequency data were acquired five times, high-frequency data
three times. There is no significant difference seen within either
the 18-23 Hz or 130-150 Hz frequency bands, even though the
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natural field’s polarization and spectral amplitude varied
widely from one time to the next.

Examination of the tipper quantities introduced in equations
(13) through (17) along the 1963 AFMAG profile demonstrates
the effectiveness of the tensor measurement. The 150 Hz profile
shows that the tipper may be used to outline the body, as well
as to indicate its geometry. Much of the scatter is again due to
projection to the profile.

The tipper (Figure 13a) is asymmetric, with a small peak at
the southern boundary of the slate and a much larger peak at
the northern boundary. Examination of the slate-argillite con-
tact shows that to the south the rocks are an alternating se-
quence of argillite and slate approximately 100 m wide, whereas
the northern contact is abrupt. The large tipper values corre-
spond to the abrupt northern contact. The tipper phase (Figure
13b) changes by 180 degrees crossing the slate, as would be
expected when a conductor is crossed. The tilt angle (Figure
13¢) is similar to the tipper with a small positive peak to the
south and a larger negative peak to the north. The magnitude
of the tilt angle is generally larger than the magnitude of the
150 Hz AFMAG dip angle. The ellipticity (Figure 13d) shows
large negative values over the slate. A three-dimensional effect
is seen in the tipper dip direction (Figure 13¢) where the direc-
tion shifts by approximately 90 degrees from — 135 degrees in
the south to 135 degrees in the north. These directions are
roughly perpendicular to the mapped outline of the slate. This
geometric information is an important feature of the tensor
tipper measurement, because the wedge shape of the conductor
can, at least in part, be inferred from a single profile.

The ability of the tipper to map irregular bodies is more
clearly seen by examining the tipper in plan view as shown in
Figure 14. To produce the plan view, the tipper is rotated
through 360 degrees such that

|T| ={cos (BT, + sin ()T, | (18)

where 0 = 0 to 360 degrees.

The tippers at 18-23 Hz and 130-150 Hz are quite similar. At
both frequencies the major axis of the rotational figure is gener-
ally perpendicular to the conductor, becoming clearer at 130
150 Hz which is nearer the peak response at most sites. In the
case of a 2-D body, the minor axis of the rotated tipper is zero
since there is no tipper component in the body’s strike direc-
tion. The minor axis is large at 18-23 Hz, implying a 3-D effect.
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This effect is much less pronounced at 130-150 Hz. In spite of
the obvious three-dimensionality of the body, the tipper out-
lines it quite well with small tipper values identifying sites
within the conductor.

CONCLUSION

The Mariposa study demonstrates that the tipper obtained
from natural audiofrequency magnetic fields can be used for
mapping a complex conductive target. As an improvement over
AFMAG, the tipper is repeatable on a year-round basis and is
independent of the polarization state of the natural source field.
The use of the MT remote reference technique for tipper
measurements makes it possible to obtain high-quality data
using easily portable sensors, even during periods of low signal
level. The use of a broad band of frequencies aids distinguishing
features of different electrical conductivity. Qur ability to ex-
ploit a great range of frequencies makes this method attractive
for use in areas where depths of exploration may range from
several meters to several kilometers.
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